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while the other (SQNs) is insensitive to ΔP [4]. Although their
sensitivity to piericidin A is almost the same, their sensitivity to
rotenone inhibition is considerably different. These differences were
exploited using tightly coupled bovine heart submitochondrial
particles with a high respiratory control ratio (N8). We determined
the distance between SQNf and iron–sulfur cluster N2 on the basis of
their direct spin–spin interaction analysis [5]. We have extended
using the reconstituted bovine heart complex I proteoliposomes
which shows a respiratory control ratio N5 [6]. High frequency
(33.9 GHz) Q-band EPR spectra of individual SQNf and SQNs molecules
appear to favor our two-semiquinone model complex I proton
pumping mechanism.
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NADH:ubiquinone oxidoreductase (complex 1) from Escherichia
coli is a membrane-bound proton pumpwith an overall stoichiometry
of 3 or 4H+/2e. The enzyme is composed of 13 subunits that are
arranged in an L-shape. The peripheral arm (seven subunits) is
located in the cytoplasm and harbors the FMN and all iron–sulfur
centers. The seven other hydrophobic subunits are located in the
membrane. Three of them are homologues of Na+/H+ antiporters and
contain possible proton transfer pathways. A possible fourth proton
translocation path lies at the interface of NuoN, K, J and A. The precise
location of the quinone binding site is unknown; it is assumed to be at
the membrane-interface, but might in fact be located up to 30 Å away
in the peripheral arm at a distance of ~12 Å from themost distal iron–
sulfur center N2.
The E. coli complex I contains a total of nine iron–sulfur centers
and an FMN redox group that serves as the direct oxidant of NADH. A
linear electron transfer chain is made up by the sequence FMN:N3:
N1b:N4:N5:N6a:N6b:N2:Q where edge-to-edge distances are maxi-
mally 14 Å (N5:N6a). Center N7 lies outside the main electron
transfer pathway (20.5 Å) and is not reduced by NADH. Center N1a
(with the lowest Em~−330 mV, the other centers at −220–
−270 mV, N2 at −160 mV at pH 6, as in this work) lies at a dead-
end side path, but is reducible by NADH via FMN.
The large spatial separation between the redox centers and the
membrane arm suggests a proton-pumpingmechanism driven solely by
protein conformational changes; however, the ﬁnding of a semiquinone
responding to the proton-motive force suggests that quinone
oxidoreduction forms part of the energy transducing mechanism and
further suggests a quinone location at the membrane interface.
In order to study the functional link between electron transfer and
energy transduction we have performed microsecond freeze-quench
kinetic analyses in which oxidized enzyme was reacted with NADH
and the reaction monitored by UV–vis and EPR spectroscopies.
Our results indicate a rapid (b100 μs) reduction of FMN simulta-
neous with the disappearance of a chromophore absorbing at 416 nm
followed by disappearance (130 μs) of another chromophore at
471 nm. These events occur before any of the EPR detectable iron–
sulfur centers are reduced (N2~300 μs, N1a~1.2 ms, N1b/N4/(N3) in
~1.8 ms). Electron tunneling and other speciﬁc mechanistic aspects
are discussed.
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The proton translocation stoichiometry of Complex I has long been
thought to be 4 H+/2e− based on experiments in which proton
translocation has been traditionally measured in the absence of a
signiﬁcant counteracting proton-motive force. The fact that the
membrane domain of Complex I contains three (and not four)
homologous subunits that are also homologues of certain bacterial
Na+/H+ antiporters [1] raises some doubts against this stoichiometry,
which may therefore need to be reassessed. Based on the redox
potential drop across Complex I, the measured proton-motive force in
State 4 mitochondria, and basic thermodynamic principles, the H+/2e−
stoichiometry must be lower than 4 [2]. However, in the phosphor-
ylating State 3 the proton-motive force is lowered enough to allow for
a stoichiometry of 4. An independent measure of the H+/2e− ratio
under phosphorylating State 3 conditions is therefore important, and
may be obtained from the relationship H+/2e−=H+/ATP×ATP/2e−.
On that basis, the measured ATP/2e− ratio for a deﬁned span of the
respiratory chain yields a measure of the H+/2e− ratio of that span,
provided that we know the H+/ATP ratio of ATP synthesis. Recent
work byWatt et al. [3] has shown that the H+/ATP ratio is 8/3 for ATP
synthase in animal mitochondria. Conversion to extramitochondrially
produced ATP requires import of one more proton, so the effective
extramitochondrial H+/ATP ratio is 3.67. Using this value, and
dependable ATP/2e− ratios reported by Hinkle et al. [4], we obtain
an H+/2e− ratio of 2.9 for Complex I [2], which has signiﬁcant
implications on possible proton-pumping mechanisms.
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NADH:ubiquinone oxidoreductase (Complex I, CI) is one of the
major sources of reactive oxygen species (ROS) in mitochondria. ROS
are critically involved in several degenerative diseases like Leigh
syndrome, Leber's hereditary optic neuropathy or Parkinson's disease.
CI-dependent ROS formation occurs at the NADH-site and is driven by
the fully reduced ﬂavin mononucleotide (FMN) rather than the
semireduced FMN radical. The importance of several conserved
amino acids in vicinity to FMN has been shown by structural analysis.
Glu95, Glu97 and Tyr180 in NuoF from Aquifex aeolicus (human
orthologue NDUFV1) are suggested to be involved in electron transfer
from NADH to FMN. Furthermore, Tyr180 is of pathophysiological
relevance indicated by a mutation in a CI-deﬁcient patient (human
orthologue Tyr204).
To investigate the contribution of these amino acids on ROS
formation we used a surrogate model of CI. We coexpressed NuoE and
NuoF from A. aeolicus in Escherichia coli, which results in soluble
NuoEF protein, containing FMN and the Fe–S-clusters N3 and N1a.
Site-directed mutagenesis in NuoF at the positions Glu95, Glu97 and
Tyr180 was used to generate mutant NuoEF. The (mutant) proteins
were investigated by steady state kinetics and redoxtitrations, to
assess the impact of the respective amino acids on ROS formation.
Wild type NuoEF protein generates ROS in a FMNH2-dependent
manner at rates of 110 nmol/min*mg. FMN potential (E0) is−0.320 V
(at pH 7.5) which is comparable to data obtained from CI in E. coli.
Mutations in NuoF critically affect ROS production, e.g. Y180A showed
4-fold higher ROS production, contrasted by Y180L where ROS
production was reduced to 40%. Interestingly, these mutant proteins
show a different behavior in redoxtitrations pointing to a mechanistic
change of ROS production by CI.
These ﬁndings indicate that small changes in the structural
environment of the FMN substantially affect the potential or stability
of different FMN species which affect ROS formation and might have
implications for diseases associated with CI-dysfunction.
doi:10.1016/j.bbabio.2012.06.141
6P2
The accession gate for ubiquinone of complex I from
Yarrowia lipolytica
Heike Angerer1, Hamid R. Nasiri2,3, Vanessa Niedergesäß1,4, Stefan
Kerscher1, Harald Schwalbe2, Ulrich Brandt1
1Molecular Bioenergetics Group, Medical School, Cluster of Excellence
Frankfurt “Macromolecular Complexes”, Goethe-University, Theodor-
Stern-Kai 7, D-60590 Frankfurt am Main, Germany
2Institute of Organic Chemistry and Chemical Biology, Center for
Biomolecular Magnetic Resonance, Cluster of Excellence Frankfurt
“Macromolecular Complexes”, Goethe-University, Max-von-Laue-Straße
7, D-60438 Frankfurt am Main, Germany
3Department of Chemistry, University of Cambridge, Lensﬁeld Road,
Cambridge CB2 1EW, UK
4Present address: Institute of Molecular Medicine and Cell Research,
Stefan-Meier-Straße 17, D-79104 Freiburg, Germany
E-mail: angeerer@zbc.kgu.de
Mitochondrial NADH:ubiquinone oxidoreductase (complex I) is an
L-shaped membrane protein that has a central function in oxidative
phosphorylation. The overall architecture of complex I was determined
using X-ray crystallography, however the mechanism of redox-driven
proton-pumping remains to be elucidated. Electrons are transferred
fromNADH via a chain of Fe–S clusters to reduce ubiquinone bound in a
deep binding pocket that is comprised of the 49-kDa and PSST subunits
of complex I. Iron–sulfur cluster N2, the immediate electron donor for
ubiquinone, resides about 30 Å above the membrane domain. The
binding of the ubiquinone head group is mainly stabilized by
hydrogen bond interactions to the conserved Y144 of subunit 49-
kDa. To investigate the pathway of the hydrophobic tail, ﬁve
chemically modiﬁed ubiquinone derivatives were applied as sub-
strates in enzyme kinetics measured with mitochondrial membranes
of complex I mutants. We concluded from these extended structure/
function analyses that the tail of ubiquinone enters through a narrow
hydrophobic path at the interface between the 49-kDa and PSST
subunits. Furthermore, we identiﬁed several conserved methionines
that seem to form a structural and functional hydrophobic gate to the
active site reminiscent to the M-domains of the signal recognition
particle of the endoplasmic reticulum. To gain further insight into the
architecture of the ubiquinone binding domain, ﬁve amino acids
within the binding pocket of the 49-kDa subunit of Yarrowia lipolytica
were changed by site-directed mutagenesis to match the amino acid
pattern of bovine complex I in this region. We could show that
residue S192 is responsible for the decreased sensitivity of yeast
complex I towards the inhibitor rotenone.
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Complex I or NADH:ubiquinone oxidreductase is the ﬁrst and
largest enzyme of the respiratory chain. Mammalian mitochondrial
complex I is composed of at least 45 subunits with a molecular weight
of 980 kDa. Despite recent progress in structural studies, many
aspects of the regulation of the enzyme are still not clearly
understood. Mammalian enzyme can exist in catalytically active (A)
form and de-active, dormant (D) form. When the turnover of the
enzyme is limited the A-form undergoes reversible de-activation at
physiological temperatures. Until now, the exposure of Cys 39 of the
ND3 subunit after de-activation is the only conformational difference
observed between the A and the D-form, accounting for the
sensitivity of the D-form to SH-reagents [1].
Using two homogenous preparations of bovine heart submito-
chondrial particles containing either the A or the D-form of complex I,
we observed no difference in the proﬁle of respiratory chain enzymes
shown by Blue Native PAGE [2]. Moreover, Cys 39 is accessible for SH-
reagents in the D-form of the enzyme even when complex I is a part
of respiratory chain supercomplexes. To characterise the relative
location of Cys 39 of the ND3 subunit we used internal protease
bromoacetamidobenzyl-EDTA (Fe-BABE)-SH-reagent for differential
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